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Abstract 

Based on an explicit model, we propose and discuss the generic features of a 
possible implementation of the Twin Higgs program in the context of composite 
Higgs models. We find that the Twin Higgs quadratic divergence cancellation 
argument can be uplifted to a genuine protection of the Higgs potential, based 
on symmetries and selection rules, but only under certain conditions which are 
not fulfilled in some of the existing models. We also find that a viable scenario, 
not plagued by a massless Twin Photon, can be obtained by not gauging the Twin 
Hypercharge and taking this as the only source of Twin Symmetry breaking at 
a very high scale. 
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1 Introduction 


The possibility that there exist models of electroweak symmetry breaking with a minimal 
amount of fine tuning (less than 10% or so) and the simultaneous absence below a few TeV 
of any new particle charged under the Standard Model (SM) gauge group deserves attention. 
Generically the idea behind this possibility goes under the name of Twin Higgs. In this note 
we discuss an explicit example where this idea is implemented in the context of a composite 
Higgs picture. We do that with the purpose of proposing and analyzing a few generic features 
of such an implementation, which will be illustrated in the course of the exposition. 

2 A model example 

The situation which we have in mind, depicted in Figure [lj is that there exist a new “Com¬ 
posite Sector” (CS), endowed with a global symmetry group G, which confines at a scale 
m* in the TeV or multi-TeV range. In the process, G gets spontaneously broken to a sub¬ 
group H and the order parameter for this breaking, /, is related to the confinement scale 
by m* = g*f . The scale m* sets the typical mass of the Composite Sector resonances and g* 
sets their typical interaction strength [I]. The Composite Sector itself originates from some 
unspecified dynamics at a very high scale Auv and the large separation among these 

two scales is ensured by the hypothesis that the Composite Sector flows toward a conformal 
fixed point below Auv and it remains close to it until m*. Also one “Elementary Sector” 
(ES) is generated at the high scale Auv- The latter is composed of weakly-interacting fields, 
among which the SM ones with the possible exception of the right-handed Top quark, which 
could also be a fully composite degree of freedom originating from the CS. In the ordinary, or 
Minimal |2], Composite Higgs construction, the ES comprises just the SM fields. Instead, as 
described below, in the Twin Composite Higgs, the ES also comprises Extra “Twin” degrees 
of freedom. The CS does exactly respect G invariance, but the ES breaks it badly because 
its degrees of freedom do not come in G multiplets. Explicit G symmetry-breaking effects 
are communicated to the CS through the Elementary/Composite interactions, denoted as 
£int in Figure [I] They come as weak interactions at Auv and they are assumed not to be 
strongly relevant operators such as to remain weak when evolved down at the IR scale m*. 
Therefore it makes sense to treat perturbatively their effects on the IR dynamics as tiny 
G-breaking perturbations. 

Let us now come to our specific construction. The relevant global symmetry group of the 
CS is 50 (8), which gets spontaneously broken to an SO(7) subgroup delivering 7 Goldstone 
Bosons in the 7 of the unbroken SO( 7), out of which only the Higgs boson will survive 
as a physical particle. A total of 7 Elementary gauge fields are introduced, and coupled to 
the CS by weakly gauging 7 of the 28 50(8) generators, whose explicit form is reported 
in Appendix [A] for the Fundamental representation. In particular, we gauge some of the 
generators which live in the block-diagonal 50(4) x 50(4) subgroup, namely those of the 
SU(2) l x 0(l) 3jR and SU(2) L subgroups of the two 50(4) ~ SU(2) L x SU(2) R . The group 
50(4) is taken to be part of the unbroken 50(7), while 50(4) is partially broken by the 
CS, namely 50(4) —>• 50(3) at the scale /. The SM group being embedded in the unbroken 
50(4) ensures Custodial protection and avoids unacceptably large tree-level corrections to 
the T parameter of ElectroWeak Precision Tests (EWPT). This Custodial protection is one 
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Figure 1. A pictorial view of the Composite Higgs framework. 


reason for having an 50(8)/50(7) spontaneous symmetry breaking pattern in the CS, as 
already noted in j3]. 

The SU{2) l x U( 1) 3j _r group is identihed with the electroweak SM gauge group and the 
corresponding gauge fields thus deliver the EW bosons and the photon. The remaining 3 
elementary vector fields gauging SU (2 )l correspond instead to new particles, which we call 
the “Twin partners” of the SM W fields. They are associated with generators that commute 
with the SM group and are thus EW-neutral objects. Given that SU{2)i is broken by the 
CS, the Twin W 's are massive and acquire their longitudinal components from 3 of the 
7 Goldstones, which thus disappear from the spectrum. The remaining 4, associated with 
the generators Tj 7 4 in Appendix jAj are in the 4 of 50(4) and they have precisely the 
SM quantum numbers of the ordinary Higgs doublet. The latter will eventually acquire a 
vacuum expectation value (VEV), which we take along Tj, give a mass to the EW bosons 
and deliver just one physical scalar, the SM Higgs boson. Unlike in the original Twin Higgs 
proposal 13] and in the subsequent literature, (4,11 19 , no mirror partner is introduced for 


the SM Hypercharge held in order to avoid the appearance of an exactly massless Twin 
photon in the spectrum. 


2.1 The gauge sector 

Aside from the Higgs, the EW bosons and the Twin W s, extra massive resonances are 
present, originating as bound states of the CS. They could come in a variety of spin and 
50(7) quantum numbers but in particular we do expect some of them to be spin-one vectors 
and to have the quantum numbers of the global currents associated to the unbroken group 
50(7), i.e. to live in the Adjoint. The QCD analog of these particles are the p mesons, 
which are the lightest spin-one hadrons. Vectors in the Adjoint would also appear in a 5d 
holographic implementation of our setup, ft is thus reasonable to take them as representatives 
of the CS particle content. Therefore, we introduce an Adjoint (the 21 of 50(7)) of vectors p a 
and we define a 2-site model, constructed by the standard rules of Ref. (5], to describe their 
dynamics. We regard this model as a simple illustrative implementation of the Composite 
Twin Higgs idea. Its Lagrangian reads 
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where are the field-strength tensors of the resonance fields -which are treated in the 2-site 
model as gauge fields of a local 50(7) group-, W“„ and B^ v are the usual SM field-strengths 
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and W“ v those of the 3 Twin W partners. The held £ is a generic SO (8) matrix containing 
28 real scalar fields. However, 21 of these can be eliminated by gauge-fixing the local 50(7) 
associated with the p’s, making £ become the exponential of the 7 broken generators only. In 
this gauge, £ can be interpreted as the Goldstone Matrix of the SO(8)/SO(7) coset, namely 

£ = U = e~7 n T ° . (2.2) 

All the 7 remaining scalars, but one, can be eliminated by gauge-fixing the local SU(2)l 
associated with the Twin IT’s and the broken SM generators. This defines the Unitary 
Gauge, in which £ reads 
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where H is the real neutral component of the Higgs doublet (times \/2) which, after EWSB, 
decomposes in VEV plus physical Higgs fluctuation as H(x) = V + h(x). 


It is important to interpret properly the various terms that appear in Eq. (2.1). The first 


one comes purely from the CS and describes the kinetic term of the resonances and their 
self-interactions. The corresponding coupling g p is therefore of the order of the typical CS 
coupling p*. The last three terms are purely Elementary. In accordance with the hypothesis 
that the ES is weakly-coupled and gives a subdominant correction to the CS dynamics, the 
associated couplings are assumed to satisfy 


0 i ,2 ~ 02 < g p ~ g *, 


(2.4) 


The second term is instead a mixed one. It contains both purely CS operators, among 
which the Goldstone bosons kinetic term and a mass for the p’s, and Elementary/Composite 
interactions. Indeed, the covariant derivative of £ reads 

/#£ = c#£ - iA a T a Z + i£p“T“ 1 , (2.5) 

where we collected in A A , A = 1,... ,7, all the Elementary gauge fields appropriately em¬ 
bedded in the Adjoint of 50(8), namely 


A£T A = ^“Pi,)“ + B„(T R f + W“(T l )‘ 


( 2 . 6 ) 


in terms of the generators defined in Appendix [A] 

The mass-spectrum of the theory is immediately worked out in the weak Elementary 
coupling expansion of Eq. (2.4). First, we do find the massless photon and the W and Z 
bosons with masses 


M w - \gtf 2 ^n 2 j = \glv 2 , 
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where we identified pi )2 with the SM p 12 couplings -which holds up to g\ 2 /g p corrections- 
and we defined the EWSB scale as 
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Figure 2. The mass spectrum in the gauge (left) and fermionic (right) sectors. 

Like in the ordinary Composite Higgs setup, we do have plenty of phenomenological reasons 
to take £ small. Indeed £ controls the departures of the Higgs couplings from the SM ex¬ 
pectations, which are constrained both from the direct LHC measurements and from their 
indirect effects on EWPT ||. The maximal defendable value of £ is around 0.2, given that 
making it small requires fine-tuning in the potential we will take it close to the maximum, 
which corresponds to a Goldstone scale / ~ 500 GeV. 1 The second set of particles are the 
Twin W’ s, which are 3 EW-neutral particles with a common mass 
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For g 2 ~ g 2 the Twin IT’s are light, only a factor of heavier than the W. Finally, we 
do have the 21 strong sector resonances which are all degenerate at the leading order in the 
gi( 2 )/g P expansion because of the unbroken SO( 7), with a common mass g p f /2 ~ m*. The 
ES couplings break the degeneracy and the 21 resonances organize themselves into one real 
3o, one complex li and three 2^2 ’s of the SM group, plus four real 1 0 singlets with masses 


Ml 0 ^\f 2 {gl + gl), Ml^\pgl, Mf i/2 ~ \f' 2 g 2 p , 
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Notice that many of the composite resonances are charged under the EW group, unlike the 
elementary Twin W s which are EW-singlets, and thus they could be directly produced at 
the LHC at a significant rate. However their coupling to SM fermions rapidly decrease for 
increasing g p making current limits on their mass safely below 2 TeV already for g p > 2 |8]. 
The leading constraint comes from their contribution to the S parameter of EWPT, which 
places them above 2 or 3 TeV j9]. This threshold corresponds, for / = 500 GeV, to a large but 
still reasonable coupling g p ~ r/* ~ 6. The spin-one particle spectrum of our construction, 
summarized in the left panel of Figure 2- displays the typical pattern of Twin Higgs models. 

The advantage of a 2-site model is that it makes the Composite Higgs potential calculable 
at one loop up to logarithmic divergences. The potential arises from loops of the ES, which, 
as explained above, breaks of the Goldstone symmetry. Focusing momentarily on the loops 

2 A quantitative compatibility with EWPT is actually possible in ordinary Composite Higgs models only 
relying on the radiative effects of somewhat light colored Top Partners [6),J|7], whose presence is precisely 
what we want to avoid with our construction. A careful assessment of EWPT would be needed to establish 
if £ ~ 0.2 is still viable in the Twin case or if instead a stronger limit applies. 
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of the SM PR’s and of their Twin partners, and working at the leading order in the c/ 2 / g p 
expansion we obtain 
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The logarithmic term in the equation stems for the previously-mentioned divergent contri¬ 
bution to the potential, which will be cut-off at the scale /i where other CS resonances, not 
included in our description, appear. Given that we expect those not to be far, we will not 
take this logarithm seriously and treat it as order one in our estimates]^] 

What is remarkable and non-generic in Eq. (2.11) is that for g 2 exactly equal to g 2 the 


sin 2 and cos 2 terms sum up to 1 and the potential becomes an irrelevant shift of the vacuum 
energy. This result is compatible with the original Twin Higgs argument [3], according to 
which the quadratically divergent contributions to the Higgs potential, of order g 2 f 2 A 2 /167t 2 , 
cancel in the Twin-symmetric limit g = g. Given that from the low-energy perspective of 
Ref. j3] the cutoff A is the resonance scale m* ~ g p f, this is precisely what we are finding 
here. However the true reason that underlies the cancellation is slightly different and we 
believe it is important to clarify this conceptual point. This also has a practical implication 
we will describe below. 


The functional form of the potential in Eq. (2.11) can be obtained by spurion analy¬ 
sis, with the method developed in 10 , by assigning G quantum numbers to the Elemen¬ 


tary/Composite couplings which break the Goldstone symmetry. The ES couples via gauging 
to the Composite one, i.eGoy mixing with the corresponding global current operators. By 
focusing on the W and W interactions, which are the ones responsible for the potential 
(2.II]), these can be written as 


Ant = g,W°( JlT„ + aaWWUS, 


( 2 . 12 ) 


where Jl and Jl are the currents associated with the generators Tl and Tl- With respect 
to our previous notation here we performed a field redefinition W —> g 2 W and W —> 7j 2 W 
to move the couplings from the kinetic term to the interaction terms. We can then uplift 
the couplings to two spurions G A and G A with an index A in the 28 of SO (8) and an index 
a = 1,2, 3, so as to rewrite £int in a formally invariant fashion 

Hint = WyC^)* + W^JlTa ■ (2.13) 

The two spurions are identical from the viewpoint of the CS and thus they enter the potential 
in exactly the same way. What makes them different is the physical values to which we will 
eventually set them. By switching to a matrix notation we have 

G a = G A T a = g 2 T £, G a = G A T A = g 2 T^. (2.14) 


Finding the structures that can appear in the potential at order g\ and g% amounts to 
classifying the G'-invariants that can be constructed with two of those spurions and the 
Goldstone Matrix in Eq. (2.3). It has been shown in Ref. [lOj that the number of independent 
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The potential could be made fully calculable with a 3-site model [H] and no large logarithm would appear 
in this case barring an unnatural separation among the two layers of resonances. 
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invariants is equal to the number of singlets of the unbroken group H that can be obtained 
out of the various spurion components, minus the number of singlets of the full group G. 
In the present case the spurions are in the Adjoint of G = 50(8), which decomposes as 
28 = 21 © 7 under H = 50(7). Since one 50(7) singlet is present in the product of two 
21’s and one in the product of two 7’s, but one full 50(8) singlet arises from two 28’s, only 
one invariant exists, given by 


/ = 


]T {Tr[TjU t G a U]Y 


(2.15) 


Depending on which of the physical spurions is inserted, we obtain a different dependence 
on the Higgs held 

1 = ^2 sm — , I = -Sa cos — . (2.16) 

The two spurions are treated by the CS in exactly the same way, therefore the two terms 
above must appear in the potential with the same coefficient. That explains the form of 


Eq. (2.11) and originates the cancellation at r/ 2 = 9i- 


The above argument is based on the symmetries and the selection rules of the underlying 
UV theory and is thus completely conclusive. That is instead not the case of the original Twin 
Higgs reasoning, which only establishes the cancellation of quadratic divergences. The reason 
why this could not be enough is that the quadratic divergence corresponds, from the UV 
viewpoint, only to some of the contributions to the potential, namely the ones coming from 
the high-scale propagation of the light degrees of freedom. The effects of heavy resonances 
are equally sizable and they cannot be controlled by a purely low-energy “calculation” of the 
quadratic divergence. One might thus expect that in some situations the quadratic divergence 
might cancel in the low-energy theory, but still equally large finite contributions arise in the 
complete models making the Twin Higgs cancellation ineffective. One example of that is 
provided by the non-custodial Twin Higgs model, based on the 5£/(4)/5U(3) coset where 
the W and their Twins gauge the 517(2) x 517(2) subgroup. As we explicitly verified the 
cancellation does not occur in a 2-site implementation of this scenario, meaning that order 
g 2 f 2r m 2 /16n 2 term are present also in the Twin-symmetric limit and should be taken into 
account in the study of the potential. A straightforward spurion analysis offers a simple 
criterion to understand under what condition the quadratic divergence argument will either 
fail, as in the 517(4)/517(3) case, or be uplifted to a proper selection rule, as in the case of 
50(8)/50(7). The point is that the quadratic divergence contribution to the potential itself 
does respect the symmetries and the selection rules of the theory, and therefore it must have 
a functional form which is allowed by the spurion analysis. In SO(8)/SO(7) there is only 
one invariant, and thus the g 2 and g 2 terms in the quadratic divergence must have the same 
functional dependence on the Higgs VEV as the corresponding terms in the full potential. 
If from the low-energy calculation we fold that they have the appropriate form to cancel, 
for instance a sin 2 plus cos 2 structure, the same must occur for the complete potential. 
The 5f/(4)/5f/(3) Twin Higgs fails because two independent invariants exist. The naive 
quadratic divergence is proportional to one invariant, for which the cancellation occurs, but 
also the other invariant arises in general in the complete potential. 3 


3 An argument showing that 50(8) is sufficient in order to fully protect the Higgs mass at 0(g 2 ) can also be 
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The reader might wonder at this point what is the role of the Twin Parity symmetry in 
our discussion. It actually played no role up to now, but it becomes essential when trying 
to really realize the cancellation via the condition g 2 — Jj 2 - This can be enforced by Twin 
Parity, which is defined as the operation 

W, ++ %, (2.17) 


which flips the IT’s with their Twin partners, supplemented by a transformation on the CS 
which interchanges the SO(4)l and SO(4)l. The latter is an element of SO(8), 


P'rwin 


0 1 4 
1 4 0 ’ 


(2.18) 


and thus it is automatically a symmetry of our construction. 

An exact Twin symmetry requires g 2 = g 2 , but it would also require the existence of 
a Twin partner of the Hypercharge gauge boson, which however we have not introduced. 
Twin Parity is thus broken by the Hypercharge and thus in the Higgs potential we find an 
unsuppressed g\ contribution of the form 


v = 3 JM1 
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2.2 The fermionic sector 


To understand the symmetry breaking potential it is crucial to describe properly the source 
of the top mass. It originates, as in the canonical Composite Higgs, from a linear interac¬ 
tion among the elementary top fields and some Composite Sector fermionic operators. This 
realizes the so-called “Partial Compositeness” paradigm 20 . The low-energy description of 


the setup depends on the choice of the quantum numbers of the latter fermionic operators 
under the CS global group. Here we take the elementary q L doublet to interact with an 8 
of SO(8) and the elementary tn to interact with a singlet operator. This choice is not only 
simple and minimal, it is also suited to discuss the case of a composite tn field, as we will 
see below. 


found in Appendix B of Ref. 13 . Freed of inessential details, the argument can be synthesized as follows. 
Under the 517(4) x 17(1) subgroup of 50(8), the adjoint and fundamental irreps of 50(8) decompose 
respectively as 28 = lo + 6 2 + 6_ 2 + 15o and 8 = 4 1 + 4_ 1 . Each different generator of SU(2) L x SU(2) L 
with definite twin parity (T£±T£) transforms as the singlet 1 0 of a different SU (4) x 17(1) subgroup. In the 
twin symmetric limit, g = g, the vector bosons associated with the above twin parity eigenstates are also 
propagation eigenstates and the 0(g 2 ) correction to the effective action can be written as the sum over 
single exchanges of such eigenstates. Therefore each such contribution respects a different 517(4) x 17(1). 
Now, 517(4) x 17(1) invariants built from the submultiplets of the 8 of 50(8) accidentally respect the 
full 50(8). As the Goldstone bosons of 50(8) —» 50(7) can be made to live inside the 8 of 50(8), we 
conclude that at 0(g 2 ) the potential respects 50(8) and thus the Goldstone bosons remain massless. 
While the above argument is not unrelated to our derivation, we find it specific to that particular case. 
We think our methodology, based on the analysis of the invariants constructed with “Goldstone-dressed” 
external couplings, is both more systematic, encompassing in particular fermionic couplings, and more 
direct. For instance, it immediately outlines the structural difference between 517(4) and 50(8), which 
was in fact not appreciated in Ref. 
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Adding fermions requires, again as in the ordinary Composite Higgs, the presence of 
additional unbroken global symmetries of the CS. In the first place, a q R doublet with 1/6 
Hypercharge does not fit in an 8 if the Hypercharge is completely internal to the 50(8) 
group. We will thus consider a global U(l)x, define Hypercharge as Y — + X and 

assign appropriate U(l)x quantum numbers to our fields. Second, and more importantly, 
the SU(3) C color group of QCD must be assumed to be an unbroken symmetry of the CS. 
This is because the quarks are color triplets and thus the CS must carry QCD color to 
interact linearly with them. Clearly there is additional structure in the Twin Composite 
Higgs. First of all, a second set of ES doublet and singlet fields q^ and t R are introduced and 
coupled to an 8 and to a singlet of 50(8), respectively. We call these particles the “Twin 
Partners” of the Top (and bi) quarks. Second, since we do not want them to be colored or 
charged under any of the SM groups but still we want them to be related by a symmetry to 
q R and t R , also Twin U(l)x and Twin SU( 3) c color global groups have to be introduced. 

Let us now turn to our model, which incorporates fermions by a standard 2-site construc¬ 
tion [H]. The spirit is again to describe a minimal set of CS resonances, compatible with 
the structure of the underlying CS theory. Given that we assumed the elementary q R to be 
coupled to one fermionic operator in the 8 of 50(8), which decomposes under the unbroken 
50(7) as 8 = 7 © 1, it is reasonable to expect a 7 and a singlet of fermionic resonances in 
the spectrum, namely 

\ 

7 ' ( 2 . 20 ) 


T = 


Ti 


The operators, and consequently the associated resonances, must be in a color triplet and 
must carry U{l)x charge 2/3 in order to couple to q R . Similar considerations hold for the 
t R , which mixes with a singlet operator with X = 2/3. This suggests the existence of a 
singlet, which however we have already incorporated by the field Ti. The T resonances are 
the so-called “Top Partners”, they carry QCD color as in the ordinary Composite Higgs 
scenario. However in the Twin Higgs case naturalness will place a weaker bound on their 
mass. Identical considerations hold for the Twin Tops and their couplings to the CS, which 
suggest the existence of a second set of fermionic resonances 


T = 



( 2 . 21 ) 


Those are once again a 7 and a singlet of 50(7), but they are not identical to the untilded T 
because they are neutral under the ordinary color and U(l)x while they are charged under 
the Twin 57/(3) and U(l)x- 

The decomposition of the Top Partners T and their Twins T into SM representations is 
described in Appendix [B| As far as T is concerned, its 8 components decompose under the 
standard electroweak gauge group into one 2 x / 6 and one 2 7 / 6 plus four states in the I 2 / 3 . 
The phenomenology of these particles is expected to be similar to that of the Top Partners in 


the ordinary Composite Higgs model 24 . The eight components of the Twin T’s decompose 


into a 2x/ 2 , a 2_ 1 / 2 and four neutral singlets lo- Unlike the T’s, they carry no QCD color 
but some of them still communicate directly with the SM by EW interactions. 

Now that the field content has been specified, we can write down our Lagrangian. Leaving 
aside the kinetic terms, the gauge interactions and the couplings of the fermions with the 
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vector resonances which will not play any role in what follows, we have 


Cto P = [yLfiQLY^ii^RY + yLf{QL) I Vii(* R ) i + 
VRftR^Li + ynftn^ li + h.c. 

-Myi E 7 T 7 - M*T 7 T 7 - M s x I'l'hi - , 

where the Elementary q R and its mirror are embedded into incomplete octets 
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(2.23) 


Notice that the ES fields, compatibly with the Partial Compositeness hypothesis, are taken 
to interact linearly with the CS through mass-mixings with the resonance fields. The non¬ 
vanishing entries of the embeddings Ql and Ql are of course precisely designed to make ql 
and qi couple to components of T and T with the appropriate gauge quantum numbers. 
The couplings Dl and yL control the strength of the interaction between Elementary and 
Composite fermionsand are assumed to be weak, namely VliVl 'C j». The mass parameters 
My(My) and Ms(Mg) come instead purely from the CS. We thus expect them to be of 
order m*, around the scale of the vector resonances described in the previous section. As 
far as the tn and t R mixing are concerned, two interpretations are possible which lead to 
different estimates for the size of the associated couplings y R and y R . If we regard tn and 
t R as ES fields, the couplings have to be weak, much below g * and possibly close to their 
left-handed counterparts. However we can also interpret t R and t R as completely composite 
chiral bound states originating from the CS, perhaps kept exactly massless by some anomaly 
matching condition. If it is so, their mixing is a purely CS effect and thus y R ,y R ~ g*. We 
will consider both options in what follows taking also into account the possibility of smoothly 
interpolating between the two. 

As a part of the Composite Twin Higgs construction we do have to impose Twin Parity, 
at least to some extent as described in the previous section. Twin Parity acts as 


Ql Q l , t R t R , T -H- T 


(2.24) 


times the SO( 8) transformation in Eq. (2.18) acting on the resonance fields T and T 


If it 


were an exact symmetry it would imply all masses and couplings in the Lagrangian (2.22) 
to be equal to their Twin, un-tilded, counterparts. We notice that the implementation of 
Twin Parity is slightly different in the fermionic and gauge sectors. In the gauge sector of 
the CS, Twin Parity was acting just like an SO( 8) transformation and thus it was auto¬ 
matically a symmetry. Now instead Twin Parity entails the exchange of different fermionic 


4 We have not mentioned the mirror gluons which gauge SU( 3) c , needless to say they also get exchanged 
with the SM gluons. 
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CS resonances, charged under different global groups. Imposing Twin Parity thus becomes 
a non-trivial constraint on the CS. 

We can now turn to the determination of the mass spectrum. By working in the limit 
Vl, Vl "C g *, we will focus on the leading relavant order in an expansion in powers of y L and 
yL • We will instead not treat y R and y R as small parameters, so that our formulae will hold 
for both completely composite and partially elementary right-handed fields. Aside from the 
exactly massless and b l -which will get a mass by mixing with other resonances or by 
some other unspecified mechanism-, the lightest particles are the Top quark and its Twin 
partner, with masses 


mr ~ 


p ybi r 

2 Ml + ylP 



P Jfcvh 

2 Ml + P R P 


( 1 - 0 - 


(2.25) 


If we remember that Mg ~ m* = g*f and y R f is either ~ m* or smaller for a partially 
elementary t R , we see that the Top mass respects the usual Partial compositeness estimate 


Vt VlVr 

m t = —• v ~-• v , 

y/2 g* 


(2.26) 


out of which we can determine the size of ijg in terms of the other parameters. If t R is 
completely Composite, we expect y R ~ g* and thus yL must be around the physical Top 
Yukawa coupling y t ~ 1. Larger values are obtained in the case of a partially Elementary t R . 
The same parametric estimate can be performed for the Twin Top, whose mass scales like 


( 2 . 27 ) 

g * 

Differently from the Top one, the Twin Top mass is not proportional to v but to / because 
the Twin SU(2) L is broken by the CS directly at the scale /. 

The rest of the spectrum comprises the 16 components of T and T. They all have masses 
of order m*, though not Regenerate because of the freedom to choose the CS mass param¬ 
eters AAp R Mg, ilYj, R Mg. We expect two almost degenerate 7-plets, withjnass and 
Mq, respectively, plus 2 singlets whose masses are controlled by Mg and Mg and by the 
ygf and y R f mixings. The interaction with q L and q R remove part of the degeneracy and 
the spectrum organizes in degenerate SM multiplets as described above, with splitting of 
order y\p and p L f 2 in the mass squared. Further tiny splitting emerge after EWSB. The 
qualitative structure of the spectrum respects the Twin Higgs expectation depicted in the 
right panel of Figure 2 . 

Let us finally turn to the calculation of the Higgs potential, working once again in the 
weak coupling expansion yL,yi •C g *. Notice that yL and yL are the only sources of S'O(S) 
breaking in our fermionic Lagrangian, therefore the Higgs potential must be proportional to 
powers of those couplings. It receives its formally leading contribution at second order in the 
coupling expansion, through a term 


Vy 2 (H) = 


NcP 

32vr 2 


Vl 


+Pl 


log M| ~ log Mf+Pylj 


Ml log 




M 2 


Ml log 


h 


Mi + pyji 


sin 7 


9 h 
cos — 


/ 
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(2.28) 















Again, as in the order g\ potential in the previous section, we see the Twin Higgs cancellation 
mechanism at work. If Twin Parity is exact so that tilded and un-tilded quantities are equal, 
the sin 2 and cos 2 sum up to one and no contribution is left to the Higgs potential. As in the 
gauge sector this cancellation can be explained in terms of symmetries and selection rules. 
The relevant spurions in this case are the Elementary qg and qg couplings, which transform 
in the 8 of SO( 8). Only one non-trivial invariant can be formed out of two 8’s,and that 
precisely takes the sin 2 and cos 2 forms of the equation above. 

The second relevant term in the potential is due to an IR effect. By looking at the spectrum 
of the theory in Figure [2] we see that there is a considerable gap among the Top Partner scale 
m * — 9*f an d the Top plus its Twin, with masses of order yjjv and yif - The low-energy 
Higgs potential thus receives a considerable log-enhanced contribution that corresponds to 
the RG evolution of the Higgs quartic coupling down from the scale m*. In our model, the 
well known effect of the Top is complemented by the effect of its Twin, so that the potential 
reads 


V m {H) 


N c 

167T 2 


m t {H) 4 log 


ml 

mt(H ) 2 


+ log 


o “1 

m% 


(2.29) 


where mt(H) and mrjr(H) are the Higgs-dependent Top and Twin Top masses which we can 
extract from Eq. (2.25). They can be expressed as 


m t (H ) 2 = y f sin 2 y , mj{H) 2 = y/ 2 cos 2 y , 
in terms of the physical Top Yukawa and its Twin 

2 = yhrhf = F&t 

y ‘ Ml + ylP’ V ‘ Ml + yir-' 


(2.30) 


(2.31) 


This allows to rewrite the IR potential in an explicit form 


ViniH) 


N c f 4 

647r 2 


4 • 4 

Vt sin 


H 2 ml 

f ° S Utf 2 sin 2 y 


, 4 4 

+ y-r cos 


H 2 ml 

f ° S yfP cos 2f 


(2.32) 


Notice that an analogous IR term plays an important role in the Higgs dynamics of the 
MSSM with heavy stops, and so it will in our case. 

The last term which we have to discuss is the contribution purely of order y 4 , not enhanced 
by any IR log. The resulting expression is complicated and it will not be reported here, what 
matters is that it has the parametric form 


{l/rA + V 4 l f i) (sin 4 y + cos 4 + (y 4 L F 2 - y 4 L F 2 ) (sin 2 y - cos 2 . 

(2.33) 

Here F { , F 2 are 0(1) functions of the mass ratios Mg/My and yn/M The same comment 
applies to the corresponding tilded quantities. The coefficient in the first parenthesis is even 
under the exchange of tilded with un-tilded objects, while the second one is odd and thus 
vanishes for exact Twin Parity. 


Vy<H) = 


N c f 4 

128t r 2 
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3 Electroweak symmetry breaking 

Let us now discuss if and under what conditions we can achieve a realistic vacuum dynamics 
in our model. That amounts to producing electroweak symmetry breaking, the correct Higgs 
mass and a sufficiently small (tunable) value of the ratio £ = u 2 // 2 , which controls Higgs 
couplings and precision electroweak observables. In the spirit of Twin Higgs, and differently 
from ordinary Composite Higgs models, we would like to obtain that without the need of 
relatively light Top Partner(s) close to the Goldstone scale /. Namely, we would like to keep 
Mxy/f = gy ~ g* large and possibly close to the perturbativity bound g * ~ 47t. 

Let us consider first the exact Twin Parity limit, in which the untilded and tilded param¬ 
eters are taken to coincide and moreover the SM hypecharge coupling g\ is set to vanish. 
Remember indeed that in our proposal the Twin Hypercharge is not gauged and thus the 
SM Hypercharge gauging breaks Twin Parity. The potential, as computed in the previous 
section, can be written as 


where 


and 


V sy m . {H ) = f*(3 (V log ^ + c 4 log , 

(3.1) 

9 . 9 H 9 9 H 

S = Sill y, C = COS^ y , 

(3.2) 

0 

P 64vr 2 ’ 

(3.3) 

logo-log + l F 1 , 

Vtf K 

(3.4) 


where F\ , which coincides with F\ in the Twin symmetric case, was introduced in Eq. (2.33). 
This potential is not realistic. For logo > 3/2 — log2 it is minimized at the Twin symmetric 
point s = c = 1/V2, while for loga < 1/2 it has Twin breaking minima at respectively s = 0, 
c = 1 and s — 1, c — 0. In the intermediate range 1/2 < loga < 3/2 — log2 it does have a 
tunable minimum with c / s / 0: when loga approaches 1/2 from the above, £ approaches 
0. However the effective Higgs quartic in this case is purely generated by RG evolution in 
the SM, and it results too small unless / > 10 10 GeV, which we find unacceptable from the 
stanpoint of fine tuning. In conclusion none of the above cases corresponds to a realistic 
phenomenology. 

A realistic potential can only be obtained by turning on the Twin Parity breaking sources. 
We think a consistent picture can be obtained by treating Hypercharge as the main source 
of that breaking. Its effects can be classified by the loop order at which they arise. At one 
loop there is the gauge contribution in Eq. (2.19). That equation features a logarithmic 
divergence, but in a realistic model, that logarithm would be saturated at the scale of the 
strong resonances: /i —>■ m*. However, known theorems fix the sign of that contribution to 
the potential to always be positive. That is indeed compatible with the leading log behaviour 
at /j,^> m p in Eq. (2.19). Another source of breaking is the Hypercharge contribution to the 
RG evolution of the top sector parameters, down to m* from the UV scale Aw where 

our model is microscopically defined. In general this RG contribution may turn on several 
effects in the composite sector. In particular each and every Yukawa and mass parameter 
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in the top sector can be affected. However under the assumption that the composite sector 
does not possess any twin-parity-odd relevant or marginal operator, the only couplings that 
will be affected are the elementary-composite mixings and potentially, if tji is Elementary, 
yn. Focusing on y L , which affects the potential, we expect RG evolution to generate a twin 
breaking splitting (for the couplings renormalized at the scale m*) of the form 


Vl 


~2 

Vl = 


bgl 2 , A uv _ A 

Vl 1o § y— = A V- 


167T 2 


rru 


(3.5) 


where b is an unpredictable numerical coefficient of order unity. In principle if the strong 
sector between A uv and m* is approximately conformal, b could be related to the OPE 
coefficients performing conformal perturbation theory. In the case of perturbative theories, 
where the mixing is simply provided by mass terms, we know that b > 0. That is the well 
known sign of the running of masses induced by gauge interactions: it makes yL grow when 
running towards the IR, and does not affect yL as it involves hypercharge neutral states. 
Although we have not studied the problem, we suspect b > 0 is a robust feature also at 


strong coupling, though we shall not strongly rely on that. The insertion of Eq. (3.5) in the 


fermion induced 1-loop potential will give rise to a two-loop contribution enhanced by the 
UV log. We should also notice that analogous effects are induced on the 517(3) and 517(2) 
gauge couplings but they are numerically irrelevant. 


The net effect of all the above considerations is the addition to the potential in Eq. (3.1) 
of a Twin breaking term 

AU(77) = a/V (3.6) 


3 9i9t A , 3A y 2 gl D 
° 512t r 2 + 32 tt 2 ’ ^ 

where gq, = Mq, // is the effective coupling associated with the overall size of the fermion 
masses introduced above -which we expect to be of order g *- and g p is the vector coupling, 
which is also expected to be around g*. Finally A and B are numerical coefficients that 
depend on the details of the model. A, as we mentioned, is robustly predicted to be positive, 
while B can take either sign. 

The overall potential 

V(H) 


f 4 


= as 


+ P S log — + c log — 


(3.8) 


is now capable to give rise to the desirable pattern of electroweak symmetry breaking. In order 
to achieve that, a must be positive. One is immediately convinced of that, by working with 
the non canonical field <fi = f sin h/f. In this parametrization a only affects the quadratic part 
of the potential, and the quartic term / 4 purely comes from the twin symmetric contribution: 
a positive effective quartic of the right size can only be achieved for a 1. But for a 3> 1 
the twin symmetric potential contributes a negative </ 2 term when expanded around H = 0 
and this must be compensated by tuning against a positive a, thus obtaining a vacuum 
expectation value (sin 2 77//) = ( < 1. A value £ ~ 0.2 could be sufficient to account for 
present bounds on the Higgs couplings (see however Footnote jT]). 

From equation (3.8) we can readily study the condition for having a tunable minimum 


with £<§;!. The minimization of Eq. (3.8) yields 


a , a 

- r -l + 2lo g — 


+ 2 £ 


2 log 


y-eu - 1 ) 


(3.9) 
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On the extremum defined by the above equation the Higgs mass is 



8 / 5(1 -0 


log 


£(i-0 



(3.10) 


For a giv en £, the observed masses of the Higgs and of the Top, which controls f3 through 
Eq. (3.3), fix then the value of a. Using the MS Top Yukawa coupling at the scale v, we have 


yf ~ 0.8 in (3, so that we find 


log a ~ 6 + log 


(3.11) 


which for a realistic £ ~ 0.1 corresponds to log a ~ 5. Now notice that the definition of a in 


Eq. (3.4) depends on ji. In a reasonable model we expect this contribution to be saturated 
at the mass m* ~ g*f of the composite sector. With this interpretation, the first term in 
Eq. (3.4) is ~ log (g*/yt) 2 - For a maximally strongly coupled theory < 7 * ~ 47 T, this is in the 


right ballpark to match Eq. (3.11). For smaller g*, that is for lighter resonances, the remaining 


term in Eq. (3.4) can bridge the gap and produce the needed value of log a. The situation 


in our model is reminiscent of the MSSM with moderately large tan (3 and heavy stops. In 
that case the correct quartic is produced in equal measure by the tree level electroweak 
D-terms and by the top/stop renormalization of the quartic. I 11 our case the electroweak 
D-term is basically replaced by the Twin Top contribution. One also has to pay attention 
not to make log a too large, producing a too heavy Higgs. This would tend to be the case 
for a considerably Elementary t r. Indeed if for instance left- and right-handed couplings 
were comparable, i.e. yL ~ Vr, from Eq. (2.26) we woul d ob tain y\ ~ g^y t and thus too a 


large contribution to log a from the second term in Eq. (3.4) unless < \/6 ~ 2.4, which 


means relatively Light Top Partners as in the ordinary Composite Higgs scenario. Total t R 
compositeness, or at least a larger compositeness for the t R than for the q L , is thus preferred 


m our scenario. 


Consider now the value of a/(3 needed to be able to tune £ -C 1. Eq. (3.9) requires a 
sizeable value a//3 ~ 9. One can check what that relation requires given our estimate of a. 
Assuming a is dominated by the 1-loop IR dominated effect implies 


A 


9p9i 

SOyf 


(3.12) 


which seems to require even for g p ~ 4(/r a sizeable A ~ 4, borderline but perhaps acceptable. 
On the other hand assuming a is dominated by the RG contribution we find 


Bb vl9% 2 , A uv 


~9i log : 


m* 


80vr 2 yf yf ' 

This is satisfied for completely composite t R , yL = yt, when 


(3.13) 


, A uv 

log-~ 


80 tH yf 50 
m* bB g\g% ~ bB 


(3.14) 


i.e. for a large separation among the IR CS confinement scale and the UV one where it 
originates. Overall this seems like a plausible picture. 
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4 Conclusions 


A (partial) mirroring of the particles and interactions of the SM and of the new CS may 
give rise to non-minimal Composite Higgs models where a minimal amount of fine tuning 
is needed to be consistent with current bounds and, most importantly, where there is no 
new particle carrying SM charge below a few TeV. This eliminates one possible signature of 


Composite Higgs models, namely the production of colored Partners of the Top quark 21 
which need to be light in the ordinary constructions 22-24 . The limits from the non¬ 


observation of the latter particles are currently comparable with other constraints. However 
they could become the strongest limit after the second run of the LHC. In that case the 
Composite Twin Higgs scenario might come to rescue. 

A consistent picture emerges with the following salient features. First, mirroring the top 
Yukawa and gauge couplings is enough to render innocuous the usual quadratic divergence 
of the Higgs mass but does not guarantee, per se, the absence of finite but large corrections 
proportional to the squared mass of the resonances carrying SM charges. Extra hypotheses, 
which hold automatically in our construction, are needed to uplift the divergence cancellation 
to a structural protection of the potential. Second, the breaking of the mirror symmetry 
needed to get a realistic minimum of the Higgs potential may be realized by not mirroring 
the weak hypercharge. This is how the potential acquires a positive squared mass term, 
necessary to counteract the negative term from the mirror symmetric term, quartic in the 
top Yukawa coupling. The cancellation between these two terms is the unavoidable tuning 
needed to explain the smallness of the ratio (u//) 2 , currently below about 0.2, as in any 
Twin model. On the other hand the size of the individual terms, both quadratic and quartic, 
is right, without any further tuning, provided the RG evolution of the top sector parameters 
due to hypercharge is active already at a high UV scale which might not be far from the 
GUT scale 0 

We think that the phenomenology of composite twin Higgs models deserves attention. The 
infrared effects on the EWPT is well known since long time 11 . The search for relatively 


light mirror states, without SM charges, may also be possible in the next LHC run. Needless 
to say, to see the entire spectrum of these models in its full glory requires a Future Circular 
Collider in the hadronic mode. 
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Note added 


While this work was under completion, a related paper appeared that contains some level of 
overlap with our results, 
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A SO(8) Generators 

In this appendix, we list the twenty-eight SO(8) generators, decomposing them into irre¬ 
ducible representations of the SO( 7) subgroup, 28 = 7 © 21. We can compactly write the 
generators as: 

(A.1) 

with i,j, k,l — 1, • ■ ■ , 8 . Seven of these generators are the broken ones and they transform 
in the 7 of SO( 7); since the global symmetry of the composite sector is broken by the vev 

VEV = /(0, 0,0,0, 0,0, 0,1)*, (A.2) 

we can indicate the broken generators as: 

T Z 

(■^a)/3 7 — $87 (A. 3) 

with a,/3 ,7 = 1, ■ ■ ■ ,7. The remaining generators are unbroken and they transform in the 
adjoint of 50(7); we can collectively call them: 


C®7P 


2 p 


&ap&fi'y') i 


(A.4) 


with a,/3, 7 , p = 1, ■ ■ • ,7 (which obviously implies a,/ 3 , 7 ,8 ^ 8 and excludes the broken 
case). 

By taking linear combinations, we can construct the generators that contain the 50(4) ~ 
SU(2)l x SU(2) R and 50(4) ~ SU(2) L x SU(2) R subgroups. These are the ones gauged in 
the model and can be written as: 


T a D 

PIT = ( 7 “ 


.Ur)" =( ^ ° 0 ].Ul)“ = 


0 0 
0 T“ 


,(T| 


RJ 


where T£ and Tg. are the 4x4 generators of 50(4): 


(^L,R )ij ~ 0 


1 


fih l 5 e s y _ s f> jS A ± _ spf) 


with a = 1, • • ■ 3 and %, j = 1, ■ ■ ■ 4. 


0 0 \ 

o Tg,)’ 

(A.5) 


(A.6) 


B The composite multiplets 

The heavy fermion multiplets in our model form complete fundamental representations of 
50(8) and decompose under 50(7) as described in the main text. The first multiplet, which 
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is colored under the SM gauge group 577(3) and is charged under U(l)x with X-charge 2/3, 
contains eight heavy fermions which are organized as follows: 

iB - iX 5/3 \ 

B + X 5/3 
iT + iX 2 / 3 

-r + X 2/3 , T 1 = 5 2 4 /3 . (B.l) 

y/2SL 3 
V2S( 3 
V25| /3 J 

The second multiplet, colored under the twin group 577(3) and charged under U (1) x with X- 
charge 2/3, contains another set of eight heavy fermions; they are organized in a fundamental 
of 50(8), related to the previous representation by Twin symmetry, as follows: 

iD _i — iDi \ 

O- i + Dj 

iDl + iDl ~ ~ 

"Dl + Dl , = O 0 4 . (B.2) 

V%Up 
V2U! 

In this notation, it is easy to decompose these heavy particles under the SM weak gauge 
groups. The fermions T, B , X " 2 / 3 and A " 5 / 3 carry all the SM quantum numbers, both in 
the weak and in the color sector; they decompose into two heavy doublets, (X 5 / 3 ,X 2 / 3 ), 
with electric charges 5/3 and 2/3 respectively, and ( T,B ), with electric charges 2/3 and 
— 1/3 respectively. These two doublets can be therefore identified with the usual heavy 
fermions that we expect to exist also in conventional composite Higgs models. The remaining 
components of the vector T, the S \, 3 , • • • , Sy 3 fields, carry mixed quantum numbers since 
they participate both to the SM and the Twin sector gauge interactions. In particular, they 
are charged under the twin weak gauge group, but they are colored under the SM 517(3) and 
they all have electric charge equal to 2/3. Thus they decompose as four electrically charged 
singlets under the SM weak gauge group. The decomposition of the Twin vector T under the 
SM is quite similar. The first four components participate to the SM weak interactions, but 
they carry twin color quantum numbers. They decompose into two heavy doublets under the 
SM weak gauge group, (Di,Dq), with electric charges 1 and 0 respectively, and (Dq,D-i), 
with electric charges 0 and —1 respectively. Finally, the fields U ( ] , • • • ,Uq are charged under 
the Twin weak and strong gauge groups and they do not carry any electric charge. They 
decompose therefore as four electrically neutral singlets under the SM gauge groups. 

We conclude this Appendix by commenting the action of Twin symmetry on these two 
vectors of heavy fermions. This symmetry can be in general decomposed as the product of 
two discrete symmetries. The first one can be identified as a Z 2 which is external to the 
strong sector and that rigidly interchanges T 7 with T 7 and H7 1 with \&i. For the singlet, this 
is all we need to implement the Twin symmetry and we can easily identify Uq as the Twin 
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partner of Sy :i ■ For the remaining component in the 7, we need to make the convolution of 
the external discrete symmetry with an element of the unbroken symmetry group 50(7), 
h( II), so that the complete Twin symmetry takes the form: 

T 7 ->■ h( n)T 7 . (B.3) 

The matrix h(fl) is an explicit function of the Goldstone boson fields and in general it is 
quite complicated to work out; we expect to have a highly non-linear relation between the 
heavy fields in the two representations. In the limit when the Goldstone bosons are all set 
to zero, however, we can find a simple expression for h which we can write as follows: 

/ 0 0 1 3 \ 

h = 0 -1 0 . (B.4) 

V Is 0 0 / 

By combining the action of this matrix with the external Z 2 , we have thus an illustrative 
example of the action of Twin symmetry in a simple case. 
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